Abstract: Bacterial profile modification
INTRODUCTION
Controlling the flow of water in the subsurface is essential for a variety of crude oil recovery operations. Bacterial profile modification (BPM), an enhanced oil recovery methodology, relies on bacteria that produce extracellular polysaccharides (exopolymers) to alter the porosity and permeability of the subsurface porous matrix. In the absence of profile modification, water injected into a partially oilexhausted reservoir follows the path of least resistance through the water-flooded high permeability zone, and bypasses the oil-containing low permeability zone (Fig. 1a) . The accumulation of biomass within the high permeability zone diverts injected water into low permeability regions containing crude oil to force oil out of the production well, as shown in Figure 1b (Jenneman et al., 1985; Lappan and Fogler, 1992; Vandevivere and Baveye, 1992) . While the presence of bacterial cells can affect permeability in low permeability systems (Sarkar et al., 1994) , the production of exopolymers augments pore blockage.
L. mesenteroides NRRL B-523 was chosen for BPM research because it produces a highly branched water insoluble dextran containing 15% to 34% ␣-1,3 and ␣-1,4 linkages (Jeanes, 1965; Jeanes et al., 1954) . After injection, the bacteria quickly enter the exponential growth phase near the well bore region, the section of the reservoir containing the highest nutrient concentration. As can be seen in Figure  1c , rapid bacterial growth and exopolymer production near the well bore prevents deep penetration of bacterial cells and nutrients (Cusack et al., 1987; Jenneman et al., 1984; Taylor and Jaffé, 1990) . Consequently, one of the greatest challenges of BPM is near well bore biomass plugging.
To improve BPM, this study focuses on chemical strategies that prolong the onset of biomass plug formation by reducing the growth rate and increasing the lag time of Leuconostoc mesenteroides NRRL B-523. The inhibition kinetics of dextransucrase, the enzyme that catalyzes the formation of dextran by L. mesenteroides NRRL B-523, provides some qualitative insight into the growth inhibition of this bacterium, but a quantitative understanding of the effects of inhibitors on both the enzyme and its bacterial producer are required to predict the kinetics of exopolymer production for BPM. The activity of dextransucrase from L. mesenteroides NRRL B-512 has been measured as a function of pH by Otts and Day (1988) , and the sodium dodecylsulfate (SDS) inhibition of L. mesenteroides NRRL B-1416 dextransucrase was investigated by Kobayashi et al. (1985) . However, the growth kinetics of L. mesenteroides NRRL B-523 growing in whole cell broth at a high pH value and containing SDS have not been investigated prior to this study.
A preliminary investigation of the effects of high sucrose concentrations on the growth of aerobically cultured L. mesenteroides was conducted by Holló and László (1971) . They qualitatively compared the growth rates of L. mesenteroides (strain was not specified) for different sucrose concentrations and determined that 50 g/L sucrose produced the greatest final cell density and fastest growth rate. Unfortunately, growth rates and lag times were not quantified and no attempt was made to extend the lag time or to reduce the growth rate. Consequently, further study is required to provide a quantitative analysis of the effects of high sucrose concentrations on L. mesenteroides NRRL-B523 growth inhibition under anaerobic conditions. Although sodium benzoate has been studied as an inhibitor of microbial growth, previous studies have concentrated on its effects in an acid medium. Furthermore, the effect of sodium benzoate on the growth of L. mesenteroides NRRL-B523 has not been investigated. Hence, the present study was undertaken to determine the feasibility of using sodium benzoate to extend the lag time of L. mesenteroides NRRL-B523.
MATERIALS AND METHODS

Bacteria
Leuconostoc mesenteroides NRRL-B523 (ATCC 14935) was obtained from the American Type Culture Collection (Rockville, MD) and placed in a −80°C freezer for longterm storage. Every 30 days an aliquot was removed from the freezer, streaked out onto agar plates prepared using Difco Lactobacillus MRS broth, grown for 18 h, and stored at 4°C. Streak plates were discarded after 30 days of 4°C storage.
Growth Conditions
L. mesenteroides inoculum was prepared by transferring one colony from the streak plate into media containing 7.9 g/L glucose, 7.9 g/L fructose, and 10 g/L Difco yeast extract solution diluted in a mineral salt solution. M FeSO 4 и 7H 2 O. After 22 h of growth at 30°C, 10 mL of inoculum was aseptically transferred to a 1000-mL batch reactor containing 550 mL of the desired growth medium. The initial cell concentration was 7.5 × 10 6 ± 0.1 × 10 6 cells/mL. The growth medium contained 10 g/L Difco yeast extract, varying concentrations of sucrose, and varying concentrations of inhibitors, all of which were dissolved in the mineral water solution just described. For the hydroxide ion inhibition experiments, the medium initial pH value was fixed using 4 M sodium hydroxide; the medium pH value was not controlled after inoculation. The batch reactor pH value at inoculation was 6.4 ± 0.15 for all other experiments. Throughout this study, the term "initial pH" refers to the growth medium pH value immediately following inoculation.
The reactor contents were not modified during the course of the reaction except for the withdrawal of liquid samples. All batch reactions were conducted at a constant 30°C with constant mixing using a 1.5-in. stir bar rotating at 120 rpm. Sealed batch reactors provided anaerobic growth conditions.
Sampling and Analysis Techniques
During the reaction period, liquid samples were aseptically taken from the reactor upon inoculation and at intervals ranging from 10 min to 24 h. The total cell count was measured using a model ZF Coulter Counter fitted with a 30-m-diameter aperture tube. Viable colonies were enumerated using the spread plate technique, with phosphatebuffered saline used as a diluent. Dextransucrase activity was determined by measuring the rate of production of fructose. One unit of dextransucrase is defined as the amount of enzyme that catalyzes the formation of 1 mol of fructose per minute in a 20 mM sodium acetate buffer (pH 5.4) containing 100 g/L sucrose, 0.05 g/L CaCl 2 and 1 g/L NaN 3 . Fructose was measured using the dinitrosalicylic acid assay.
For dextran analysis, 3-mL samples were withdrawn from the reactor. Water insoluble dextran (WID) and cells were separated from water-soluble dextran (WSD) by centrifugation. WSD was then precipitated from the supernatant using 66% v/v ethanol. WSD precipitates were weighed after filtration through a 47-mm 0.2-m Poretics tracketched polycarbonate membrane. WID was separated from cellular material with potassium hydroxide, decomposed into monomers using hydrochloric acid, and assayed for total sugar content by the phenol-sulfuric acid assay (Ko- bayashi et al., 1985) . A more detailed procedure for dextran analysis has been described by Kim and Fogler (1999) .
RESULTS
Sucrose, hydrogen ion, sodium benzoate, and SDS concentrations were varied over a physiologically significant range to slow the growth rate and increase the lag time of L. mesenteroides. A typical growth curve of L. mesenteroides is shown in Figure 2 .
The cell concentration data from batch growth experiments were fit to the modified Gompertz equation using the Levenberg-Marquardt method, as shown by the solid line in Figure 2 (Press et al., 1992; Zwietering et al., 1990) . The modified Gompertz equation is:
where y ‫ס‬ ln(N/N 0 ), A ‫ס‬ ln(N ϱ /N 0 ), e ‫ס‬ 2.718, t denotes the time in units of hours, denotes the specific growth rate in units of 1/h, and denotes the length of lag time in units of hours; N is the cell concentration at any time during the experiment in units of cells per milliliter; N 0 is the initial cell concentration (cells per milliliter); N ϱ is the stationary phase cell concentration (cells per milliliter).
Substrate Inhibition
L. mesenteroides was grown in media containing sucrose concentrations varying from 1 to 500 g/L and with an initial pH of 6.4 ± 0.15. The growth rates, lag times, and amount of each type of dextran produced were measured for each batch experiment. As can be seen in Figure 3 , increasing the sucrose concentration significantly decreased the specific growth rate. A decreased growth rate accompanied an increase in the lag time for sucrose concentrations >75 g/L. Figure 4 shows that the lag time increased from 1 h when L. mesenteroides was grown in media containing 1 g/L sucrose to 12 h when grown in media containing 500 g/L sucrose.
The stationary phase cell density ( Fig. 5 ) parallels the growth rate. The maximum growth rate occurred at an initial sucrose concentration of 75 g/L and the highest observed cell density increase occurred at an initial sucrose concentration of 125 g/L. While high sucrose concentrations were able to prolong the lag time and decrease the growth rate, Figure 5 shows that, within experimental error, the increase in cell density was the same using an initial sucrose concentration of either 15 g/L or 500 g/L.
Dextran was assayed for both water-insoluble and watersoluble fractions because it is hypothesized that WID is more effective than WSD for the plugging of a porous matrix. When low initial sucrose concentrations were used (e.g., 15 to 75 g/L), the initially clear broth became noticeably opaque during the course of reaction and contained large aggregates of WID. At concentrations >200 g/L, the initially clear broth became slightly opaque, but visible WID aggregates were not present. The production of both WID and WSD was inhibited by increasing the initial sucrose concentration, as can be seen in Figure 6 , and a decrease in dextransucrase activity was observed (Table I) .
L. mesenteroides, a heterofermentative member of the lactobacillus family, produces lactic acid as it ferments glu- cose. While not able to increase in cell number during the lag phase, L. mesenteroides was able to ferment glucose with an accompanying drop in pH during the lag phase (data not shown). When the sucrose concentration was increased, the maximum specific growth rate decreased as did the rate of pH decrease. Acid production was coupled with the rate of cell metabolism and this rate was slowed by higher substrate concentrations. The rate of decrease in the broth pH during the exponential growth phase followed a similar trend as the specific growth rate (Fig. 7) .
Hydroxide Ion Inhibition
Like other microorganisms, L. mesenteroides NRRL-B523 was able to grow in a wide range of pH values (Kim et al., 2000) . The pH of the medium is typically maintained between 5.5 and 7 for maximum dextran yield (Lazic et al., 1993) . To accentuate the effect of growth inhibition in a solution containing a sucrose concentration of 500 g/L, the solution pH was progressively increased until growth was completely inhibited. As the solution pH was increased, there was little change in L. mesenteroides growth characteristics until the solution pH reached 7.5 Above pH 7.5, the growth rate decreased to an average value of 0.1 1/h, and then dropped to 0 at a value of 8.2 (Fig. 8) . It was determined that a pH value of 8.2 is the upper limit for L. mesenteroides growth because there was no measurable cell growth even after 300 h. Most importantly, Figure 9 shows that lag time was significantly increased (200 h) at pH 7.9 when compared with the 12-h lag time observed when L. mesenteroides was grown in solutions with an initial pH of 6.3.
While the lag-phase hydrogen ion concentration increased slightly during the lag period of the substrate inhibition experiments, there was an exponential increase in the hydrogen ion concentration during the exaggerated lag phase observed during the hydroxide ion inhibition experiments. The observed rate of decrease in solution pH during the lag phase varied linearly from a minimum of 0.015 1/h at an initial pH value of 8.1 to a maximum of 0.077 1/h at an initial pH value of 7.1. Interestingly, for all hydroxide ion inhibition experiments, the bacteria did not enter the exponential growth phase until the solution pH dropped to a value of 6.79 ± 0.06.
The growth of L. mesenteroides in alkaline solutions had, within experimental error, no effect upon the production of water-insoluble exopolymers and showed an increase in the amount of low-molecular-weight exopolymers produced (Fig. 10) .
Sodium Benzoate Inhibition
Sodium benzoate is a common weak acid food preservative used to prevent the growth of yeast and bacteria. Initially, a 0.1% w/v (weight/volume) concentration of sodium benzoate was added to a solution containing 15 g/L sucrose and no growth inhibition was observed. To accentuate the inhibition of media containing 500 g/L sucrose, solutions containing 0.1%, 0.2%, 0.4%, and 0.6% w/v sodium benzoate were made. Viable plate counts (data not shown) confirmed that L. mesenteroides was unable to grow in solutions containing a benzoate concentration of >0.6%. As the benzoate concentration was increased, the lag time remained approximately constant, the growth rates and the final cell densities decreased, and the final pH increased. Table II summarizes these results.
Sodium Dodecylsulfate Inhibition
Another substance that can inhibit the growth of L. mesenteroides, sodium dodecylsulfate (SDS), also known as lau- Table I . Maximum dextransucrase activity observed throughout the course of a batch reaction.
Initial sucrose concentration (g/L)
Maximum dextransucrase activity (units/mL) 125 4.5 ± 0.3 500 2.5 ± 0.2 ryl sulfate, was added to solutions containing 15 g/L sucrose. SDS was chosen as a growth inhibitor because of its documented success in reducing the effectiveness of sucrose cleavage by dextransucrase (Kobayashi et al., 1985) . For the conditions used in the growth experiments, the SDS critical micelle concentration (CMC), was approximately 0.8 mM (Hiemenz and Rajagopalan, 1997) . L. mesenteroides was grown in solutions containing SDS in concentrations above and below the CMC. A sharp change in growth characteristics was found above an SDS concentration of 0.050 mM.
The lag time at 0.050 mM was approximately 1 h, whereas the lag for 0.070 mM was near 200 h, as shown in Table III .
DISCUSSION
Substrate Inhibition
Excess sucrose acted on growth and dextran production in two ways: (1) by interfering with the catalytic activity of dextransucrase, the enzyme that L. mesenteroides secretes in the presence of sucrose for the production of dextran and cleavage of sucrose; (2) by creating a strong osmotic gradient across the bacterial cell membrane. It is hypothesized that the first effect dominated at relatively low sucrose concentrations, and that the second effect explains the lowerthan-predicted growth rates in solutions containing >350 g/L sucrose. The inhibition of dextransucrase may explain the decrease in growth rate with increasing initial sucrose concentration. When sucrose is present in concentrations that are not inhibitory, dextransucrase binds sucrose, forms a covalent glucosyl intermediate by releasing fructose, and then transfers the glucosyl intermediate to the growing dextran chain covalently attached to another site. The reaction is as follows:
where G n is the growing dextran polymer.
In addition, glucose can be released either by dextran chain growth termination or by an invertase-like activity of dextransucrase (Lappan and Fogler, 1994) . Tanriseven and Robyt (1993) suggested that dextransucrase's active sites are independent of a third acceptor site that binds glucosyl intermediates but does not bind sucrose or the growing dextran molecule. They further proposed that excess sucrose binds to a distinct low-affinity sucrose-binding site, allosterically inhibits the formation of dextran by altering the conformation of one of the two high-affinity sucrose-binding sites, and prevents the elongation of dextran. Under these conditions, the reaction is as follows:
Sucrose → Dextransucrase Fructose + Glucose Tanriseven and Robyt (1993) stated that the formation of glucosyl intermediates is not affected by excess sucrose. However, Martinez-Espindola and Lopez-Munguia (1985) observed that excess sucrose, up to a concentration of 400 g/L, inhibited L. mesenteroides NRRL B-512 dextransucrase. They were also able to describe changes in the fructose production rate using a substrate-inhibition kinetics model.
The presence of high concentrations of WSD observed in this study verifies that sucrose interferes with the growing dextran polymer. The bacterial growth rates observed in this study confirm that fructose (and glucose) is produced at reduced rates in the presence of high sucrose concentrations. Furthermore, the observed decrease in dextransucrase activity above a sucrose concentration of 125 g/L validates this hypothesis. Sucrose inhibition began above a sucrose concentration of 100 g/L, as can be seen in Figures 6 and 7 .
The decrease in water activity (a w ) due to an increase in sucrose concentration may also explain the reduction in growth rate. A correlation between a w and growth rate has been observed when other species of bacteria are grown in solutions containing high concentrations of salts or sugars (Troller and Christian, 1978) . While a decrease in a w may describe the observed reduction in growth rate of L. mesenteroides, the change in a w provides no mechanistic description of growth inhibition, and it cannot explain the increase in growth rate at low sucrose concentrations.
Longer lag times may have been caused by bacterial osmoregulation strategies initiated to compensate for high sucrose concentrations. Although sucrose is able to pass through the cell wall, sucrose is unable to pass through the bacterial cell membrane, and bacteria rapidly lose water when they are exposed to a medium containing a high sucrose concentration (Yoneyama et al., 1986) . When sucrose concentrations are sufficiently high, bacteria accumulate inorganic and/or organic low-molecular-weight compounds, known as compatible solutes, within the cytoplasm to compensate for the loss of water (Brown, 1976; Csonka and Hanson, 1991) . The reallocation of cellular resources for the import of compatible solutes may have delayed the initiation of exponential growth for L. mesenteroides.
To model the growth rate of L. mesenteroides in a medium containing excess sucrose, an inhibition kinetics model was used as a first approximation. This model assumes unsegregated and unstructured growth kinetics (Bailey and Ollis, 1986) . Excess sucrose interfered with dextransucrase by binding to the enzyme-substrate complex and hindered the cleavage of sucrose into glucose and fructose; this mechanism is known as noncompetitive inhibition. Noncompetitive inhibition has been used successfully by Hill and Robinson (1975) to describe substrate inhibition of Pseudomonas putida by phenol. Eq. (2) is derived after assuming quasi-steady-state conditions. Eq. (2) relates the specific growth rate, , to the maximum growth rate, max , the Monod constant, K m , and the inhibition constant, K i :
where S is the sucrose concentration (g/L). While Eq. (2) describes the experimental data well at low initial sucrose concentrations, it predicts higher growth rates than were observed at sucrose concentrations >350 g/L. Above a sucrose concentration of 350 g/L, it is believed that the model does not predict the observed results because of the use of ATP for osmoregulation. Because the growth of L. mesenteroides is hypothesized to be slowed by a combination of effects, empirical growth inhibition models fit the data more closely than did a noncompetitive inhibition model. Model parameters are tabulated in Table IV . The modified Edwards equation is plotted with the experimental data in Figure 3 . 
Hydroxide Ion Inhibition
Bacterial metabolism depends on hundreds of enzymes to catalyze the reactions required for maintenance and reproduction. The amino acids that are the building blocks of enzymes contain ionizable groups that lose activity in the presence of high concentrations of hydrogen or hydroxide ions (Bailey and Ollis, 1986) . The unfavorable ionization of key enzymes slows or completely stops bacterial growth. Intracellular enzymes are protected from extremes in pH by the cell membrane's active transport of undesirable ions out of the cytosol, but extracellular enzymes, such as dextransucrase, are immediately ionized by the ions present in solution.
Although dextransucrase was completely inactivated at pH 8 or higher, its activity may be restored by lowering the solution pH, and Otts and Day (1988) found that 7 h were required for the complete inactivation of dextransucrase at pH 8 in a cell-free system. When L. mesenteroides was grown in media with an initial pH of 8.1, the solution pH decreased exponentially at a rate of 0.015 1/h during the initial 100 h (lag phase) of the growth experiment; this rate was sufficient to prevent permanent inactivation of dextransucrase. It has also been suggested by Otts and Day (1988) that, at pH values >8.0, sucrose phosphorylase, an intracellular enzyme, may be responsible for the decomposition of sucrose into utilizable glucose-1-phosphate and fructose (Vandamme et al., 1987) . Above a pH value of 8.2, either sucrose phosphorylase activity was insufficient to maintain cell metabolism, or dextransucrase decomposed more quickly than the rate at which lactic acid lowered the medium pH. As the initial pH was increased, it is believed that the more severe conditions increased the rate at which dextran polymerization was terminated, and the result was an increase in the concentration of WSD.
Sodium Benzoate Inhibition
Although benzoic acid is the active form of the preservative, the sodium salt is commonly used because of its high solubility in aqueous solutions (Reddish, 1957) . Microbial growth is effectively prevented by concentrations of sodium benzoate of <0.3% w/v when the medium has a pH value ranging from 2.5 to 4.0 (Chichester and Tanner, 1972) . While growth inhibition has been observed in a less acidic medium, an order of magnitude or higher concentration of sodium benzoate may be required as the pH of the medium is increased (Cruess and Richert, 1929) .
In an acidic medium, benzoic acid readily diffuses through the cell membrane. Once in the cytoplasm, benzoic acid deprotonates and causes a drop in the internal cell pH. According to Krebs et al. (1983) , a low cytosolic pH inhibits the activity of key metabolic enzymes such as phosphofructokinase. Warth (1991) suggested that the internal pH reduction is too small to account for growth inhibition caused by enzyme inactivation. Warth concluded that reduced growth rates were caused by the use of ATP for proton pumping (proton pumps in the membrane maintain the cytosolic pH near neutrality) at the expense of normal metabolic pathways.
While sodium benzoate has proven most effective in acidic conditions, for this study L. mesenteroides was grown in media with an initial pH of 6.1 to 6.3 to achieve maximum cell densities. As lactic acid accumulated in the extracellular environment sodium benzoate became a more effective growth inhibitor, an effect confirmed by a decreased final cell density and increased final solution pH.
SDS Inhibition
Unlike the gradual growth inhibition caused by excess sucrose, SDS suppressed the growth of L. mesenteroides at a threshold concentration. SDS interfered with growth because it was able to inhibit the activity of enzymes and because it may have disrupted the cell membrane. For short time periods, SDS may inhibit the activity of an enzyme, but given enough time, the enzyme will be completely inactivated by the binding of SDS to active sites (Vincenzini et al., 1985) . Higher concentrations of SDS were able to more fully alter the charge of the membrane and disrupt the normal functioning of membrane-bound receptors and structural proteins (Helenius and Simons, 1975; Seufert, 1973) .
When L. mesenteroides was grown in media containing <0.060 mM SDS there was a reduction in growth rate, but no change in the lag time. Above this concentration, a small increase in the cell population was observed after lag times of 300 to 400 h. This result indicates that there was a critical concentration of SDS that denatured enzymes and/or the membrane structural proteins critical for growth.
CONCLUSIONS
Batch growth experiments have demonstrated that the lag time and growth rate of L. mesenteroides NRRL-B523 can be controlled by substrate inhibition and by the addition of inhibitors. A combination of substrate inhibition and a high initial medium pH was the most successful technique for delaying the growth of L. mesenteroides while allowing the bacteria to reach a stationary population concentration approximately equal to the population observed during uninhibited growth. Unlike growth in media containing <100 g/L sucrose, growth at a high substrate concentration significantly reduced the amount of WID and increased the amount of WSD. While the specific inhibitor regimes used in this study may not improve bacterial profile modification for all oil reservoirs, the current results provide a framework for further inhibition research that may improve the depth penetration of exopolymer-producing bacteria.
